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Silica glass formation in diatoms requires the biosynthesis of unusual, very long chain polyamines
(LCPA) composed of iterated aminopropyl units. Diatoms processively synthesize LCPA, N-methylate
the amine groups and transfer concatenated, N-dimethylated aminopropyl groups to silafﬁn pro-
teins. Here I show that diatom genomes possess signal peptide-containing gene fusions of bacteri-
ally-derived polyamine biosynthetic enzymes S-adenosylmethionine decarboxylase (AdoMetDC)
and an aminopropyltransferase, sometimes fused to a eukaryotic histone N-methyltransferase
domain, that potentially synthesize and N-methylate LCPA. Fusions of similar, alternatively
conﬁgured domains but with a catalytically dead AdoMetDC and in one case a Tudor domain, may
N-dimethylate and transfer multiple aminopropyl unit polyamines onto silafﬁn proteins.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Diatoms are ubiquitous, aquatic single-celled eukaryotic organ-
isms responsible for 20% of planetary photosynthetic activity,
equal to all terrestrial rainforests combined [1]. Their highly elab-
orate, biosilica glass cell wall is constructed from monosilicic acid
(Si(OH)4) by a biomineralization process initiated by highly modi-
ﬁed proteins known as silafﬁns [2–5] and by very long chain linear
polyamines (LCPA) (Fig. 1A) that may be N-methylated on second-
ary and primary amines [6–10]. In some species, proteins called
cingulins form an organic matrix that acts as a template to guide
siliciﬁcation [11]. Silafﬁn proteins are modiﬁed by dimethylation
of some lysine residues and by transfer of multiple aminopropyl
unit polyamines to other lysine e-amino groups. Transferred poly-
amine moieties may be dimethylated on primary and secondary
amine groups. The LCPA may be composed of as many as 20 ami-
nopropyl units [12], the chain length and degree of methylation
of primary and secondary amine groups dependent on species. In
the diatom Thalassiosira pseudonana, LCPA may contain putrescine,
spermidine or 1,3-diaminopropane as well as the multiple
aminopropyl repeat units [7,13].chemical Societies. Published by E
C, ornithine decarboxylase;
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.eduPolyamines are small organic polycations found in almost all
cells and are essential for growth and cell proliferation in eukary-
otes. In normal eukaryotic polyamine metabolism (Fig. 1A), the
triamine spermidine is formed by transfer of an aminopropyl group
to the diamine putrescine (1,4-diaminobutane). The aminopropyl
group is derived from decarboxylated S-adenosylmethionine
formed by S-adenosylmethionine decarboxylase (AdoMetDC)
[14]. Transfer of the aminopropyl group to putrescine is performed
by the aminopropyltransferase spermidine synthase [15]. The
tetramines spermine and thermospermine are formed from sper-
midine by transfer of another aminopropyl group to the N8 (amin-
obutyl) or N1 (aminopropyl) ends of spermidine, respectively, by
the aminopropyltransferases spermine [16] and thermospermine
synthase [17]. At the beginning of the pathway (Fig. 1A), putrescine
is formed from ornithine by the action of ornithine decarboxylase
(ODC) [18]. In eukaryotic cells, spermidine levels are highly regu-
lated at the level of biosynthesis, catabolism, uptake and export
[19]. The key biosynthetic enzymes ODC and AdoMetDC are
negatively regulated in response to polyamine levels by sensitive
post-transcriptional feedback systems that include programmed
ribosomal frameshifting and ribosome stalling [20,21]. These pow-
erful homeostatic systems adjust spermidine concentrations to the
level required by the physiological state of the cell. Synthesis of
LCPA therefore must not disrupt spermidine homeostasis and LCPA
must be sequestered from the normal cellular binding sites of
polyamines. The pathway for LCPA biosynthesis, polyaminelsevier B.V. All rights reserved.
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Fig. 1A. Polyamine and LCPA biosynthesis in diatoms.
2628 A.J. Michael / FEBS Letters 585 (2011) 2627–2634modiﬁcation of silafﬁns, and methylation of primary and second-
ary amines has remained enigmatic. In particular, it is unclear
how multiple aminopropyl units could be sequentially transferred
to the growing polyamine chain of LCPA. It is unlikely that LCPA
biosynthesis is similar to normal polyamine biosynthesis where
each aminopropyl group transfer is achieved by different amino-
propyltransferase enzymes, otherwise there would need to be up
to 20 different successive aminopropyltransferases. It is also not
clear how multiple amino groups in a single LCPA chain could be
methylated. LCPA synthesis would require a relatively large supply
of decarboxylated S-adenosylmethionine, and a mechanism would
have to be in place to prevent physiologically damagingperturbation of normal polyamine homeostasis. Here I show that
the genomes of T. pseudonana, Phaeodactylum tricornutum and
Fragilariopsis cylindrus encode one set of molecular machines that
potentially perform the tasks of iterative addition of multiple
aminopropyl groups to form LCPA, by supplying their own decar-
boxylated S-adenosylmethionine and concommitent or subsequent
N-methylation of the LCPA. Another set of fusion proteins could
perform aminopropyl group transfer to lysine residues of silafﬁns,
and processive N-dimethylation of amine groups. The molecular
machines are derived from bacterial polyamine biosynthetic
enzyme fusions and chromatin protein modiﬁcation and binding
domains.
Fig. 1B. Diatom AdoMetDC-aminopropyltransferase fusion proteins. FraAPT, Frag-
ilariopsis cylindrus; PhaAPT, Phaeodactylum tricornutum; ThaAPT, Thalassiosira
pseudonana. The signal peptides are indicated in purple, Class 1b AdoMetDC in
blue, aminopropyltransferase in red, SET domain N-methyltransferase in green.
Some examples of bacterial orthologous fusion proteins are shown below the
diatom fusions. The presence of an aspartate, glutamate or other residue in the
aminopropyltransferase motif hhhhGGG(E/D/X)G is indicated.
A.J. Michael / FEBS Letters 585 (2011) 2627–2634 26292. Materials and methods
2.1. Sequence and phylogenetic analysis
The diatom genomes were analysed using the US Department of
Energy Joint Genome Institute Genome Portal (http://genome.jgi-
psf.org/). BLASTP of diatom proteins in the NCBI non-redundant
protein sequences yielded only very partial proteins (e.g., 70–90
a.a. instead of 750–950 a.a., using a Thermotoga maritima Ado-
MetDC sequence to screen the diatom proteins). Phylogenetic anal-
ysis was performed as previously described [22]. Alignments were
performed with ClustalW in ClustalX [23] and trees were made
with PAUP⁄ [24]. Signal peptides were analysed using the SignalP
server http://www.cbs.dtu.dk/services/SignalP/ taking into consid-
eration both the result from the neural network analysis and Hid-
den Markov models. All aminopropyltransferase fusions were
identiﬁed by TBLASTN and BLASTP usuing the DoE JGI database
for each diatom species, and additional domains in the fusion pro-
teins were identiﬁed by BLASTP or PSIBLAST using the NCBI server
(http://blast.ncbi.nlm.nih.gov/Blast.cgi).
3. Results and discussion
3.1. Variations on normal eukaryotic polyamine biosynthesis in
diatoms
A typical eukaryotic ODC orthologue (Fig. 1A, Table S1) is found
in T. pseudonana (ThaODC) and P. tricornutum (PhaODC1). How-
ever, P. tricornutum also possesses an aberrant ODC paralogue, Pha-
ODC2, that lacks the critical residues corresponding to C360 and
D361 [18] of the mouse ODC, required for substrate binding and
catalysis (Fig. S1). It is very unlikely that PhaODC2 will be active,
however, it does possess the PLP cofactor-binding lysine residue
corresponding to the mouse K69 position. It is well established that
ODC functions as a head to tail homodimer with two active sites
formed across the interface of the dimer, each active site being
constituted by residues from the N-terminal domain of one subunit
and the C-terminal domain of the other. In principle, PhaODC2
could form a dimer with PhaODC1 to yield a mixed subunit ODC
enzyme operating at 50% activity due to only one of the two active
sites being functional. One site would be inactive because of the
absence of the C360 substrate binding residue but the other active
site would be have a normal complement of essential residues.
Alternatively, PhaODC may be an antizyme inhibitor orthologue
[25], i.e., a catalytically dead ODC homologue that binds to and
sequesters the ODC inhibitory protein antizyme [20]. In F. cylin-
drus, there are two ODC-like proteins, FraODCa and FraODCb (Table
S1), which both lack critical residues: FraODCa lacks the mouse
K69 equivalent (relaced by an arginine) but possesses the C360/
D361 residues, whereas FraODCb lacks the C360/D361 positions
but does possess a K69 equivalent. A mixed dimer of FraODCa
and FraODCb may be active because one functional active site
could be constituted from the C-terminal domain of FraODCa and
the N-terminal domain of FraODCb, in the head to tail arrangement
of the dimer. An obligate mixed dimer of mutant ODC paralogues
has never been seen before in any species and it is probable that
this occurs in F. cylindrus because there is no other route for putres-
cine biosynthesis. There are agmatine deiminase/iminohydrolase
(AIH) and N-carbamoylputrescine amidohydrolase (NCPAH) ortho-
logues, which are of bacterial/plant origin, in P. tricornutum and F.
cylindrus (Table S1). These two enzymes convert the decarboxyl-
ated product of arginine, i.e., agmatine, to putrescine. However,
there are no discernable orthologues of arginine decarboxylase
(ADC) in the genomes, suggesting either that AIH and NCPAH do
not play a role in polyamine biosynthesis or that there is a cryptic
ADC gene in these species.Formation of the triamine spermidine from putrescine in
eukaryotes requires AdoMetDC and the aminopropyltransferase
spermidine synthase (Fig. 1A). Typical eukaryotic AdoMetDC
orthologues are present in the three diatom genomes (Table S1),
and in T. pseudonana and P. tricornutum AdoMetDC mRNAs, for
which mRNA sequences with long 50 leader sequences are avail-
able, an upstream open reading frame encoding peptides of 29
and 26 amino acids, respectively, is present in the mRNA 50 region.
The upstream ORFs likely encode ribosome-stalling peptides anal-
ogous to plant and mammalian AdoMetDC mRNAs [21], as part of a
polyamine-responsive autoregulatory negative feedback system.
Typical spermidine synthase orthologues are present in each of
the three diatom genomes, and in T. pseudonana, the spermidine
synthase paralogue ThaSDS1 has been shown [26] to be functional.
There are three spermidine synthase paralogues in F. cylindrus, and
two each in P. tricornutum and T. pseudonana (shown below in
Fig. 3). Uniquely for spermidine synthase orthologues, the F.cylin-
drusFraSDS3 and the T. pseudonana ThaSDS2 proteins have ac-
quired signal peptides. It is possible that one of the spermidine
synthase paralogues encodes the related aminopropyltransferase
spermine synthase. Each of the three sequenced diatom genomes
contains a thermospermine synthase orthologue (listed in Fig. 3),
including the characterised T. pseudonana thermospermine syn-
thase [17]. The thermospermine synthase orthologues differ from
spermidine and spermine synthases by having a glutamate, rather
than an asparate in the motif hhhhGGG(D/E)G (where h = L/V/I/M).
The phylogenetic distribution of the diatom thermospermine syn-
thases suggests that they have been acquired from the red algal
Fig. 1C. A Neighbor Joining tree of diatom and bacterial AdoMetDC-aminopropyltransferase fusion proteins. The tree is unrooted and percentage bootstrap support for 1000
replicates are shown. Diatom sequences are highlighted in colour. GenBank accession numbers and DoE Joint Genome Institute protein model descriptions are shown for the
bacterial and diatom fusions, respectively. The alignment on which the tree is based is shown in Fig. S2. FraAPT, F. cylindrus; PhaAPT, P. tricornutum; ThaAPT, T. pseudonana.
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found in primary algae, terrestrial plants and chromalveolates [16].
3.2. Molecular machines for long chain polyamine biosynthesis
Unlike normal polyamine biosynthesis, where either one or two
aminopropyl group transfers are required for triamine or tetra-
amine biosynthesis respectively, LCPA biosynthesis can involve
up to 20 aminopropyl groups. Furthermore, amino groups may
be mono- or di-methylated. Close inspection of the three diatom
genomes using the US Department of Energy’s Joint Genome Insti-
tute Genome Portal reveals a potential solution to production of
LCPA and their extensive N-methylation. Diatom genomes encode
multidomain proteins, based on horizontally acquired bacterial fu-
sion proteins encoding bacterial Class 1b AdoMetDC domains [27]
and aminopropyltransferase domains (Fig. 1B). Similar but much
smaller fusion proteins in bacteria are found in the a-, b- and
d-Proteobacteria, Cyanobacteria, Bacteroidetes, Chlorobi, Actino-
bacteria and Firmicutes (Fig. 1B and 1C). We have shown recently
that some of these bacterial AdoMetDC-aminopropyltransferase
fusions proteins are able to synthesize de novo spermidine from
putrescine and sym-norspermidine from 1,3-diaminopropane
[28]. This is a strong indication that the diatom AdoMetDC-amino-
propyltransferase fusion proteins are likely to be functional poly-
amine biosynthetic modules, and being much bigger, the diatom
fusion proteins may be capable of producing iteratively elongated
LCPA within their active sites. The diatom fusion proteins possess
conserved blocks of sequence in the linker region between the
AdoMetDC and aminopropyltransferase domains (Fig. S2), suggest-
ing that the diatom AdoMetDC-aminopropyltransferase gene
fusions evolved from a single bacterial fusion gene that subse-
quently duplicated and acquired additional functional domains.All the diatom AdoMetDC-aminopropyltransferase proteins
possess signal peptides (Fig. 1B) and are considerably larger than
the bacterial counterparts. A thermospermine synthase motif is
present in the aminopropyltransferase domains from the F. cylin-
drus fusion proteins FraAPT1, FraAPT2, FraAPT3 and FraAPT4, the
P. tricornutum PhaAPT1, PhaAPT2 and PhaAPT3 and the T. pseudo-
nana. ThaAPT1, ThaAPT2, ThaAPT3 and ThaAPT4 (Fig. 1B), suggest-
ing transfer of an aminopropyl group to another aminopropyl,
rather than an aminobutyl acceptor group. Thermospermine is
synthesized from spermidine by transfer of an aminopropyl group
to the N1-aminopropyl side of the spermidine molecule, whereas
spermine is formed by aminopropyl group transfer to the N8-
aminobutyl side. A thermospermine synthase motif in the fusion
proteins is consistent with a role in the iterative addition of amino-
propyl groups during LCPA biosynthesis. The DoE JGI protein model
accessions for all the diatom aminopropyltransferase sequences
are presented in Fig. 1C. AdoMetDC requires a self-generated cova-
lent pyruvoyl cofactor for activity, formed from an internal serine
exposed after autocatalytic cleavage of the proenzyme to form
the processed a- and b-subunits. The pyruvoyl cofactor is found
at the N-terminus of the a-subunit [14]. AdoMetDC domains of
each of the fusion proteins appear to have all the critical residues
for activity and processing except for ThaAPT3, which has replaced
the equivalent of C83 of the Thermotoga maritima enzyme [27], re-
quired for normal autocatalytic processing of the proenzyme, with
a threonine residue. The presence of AdoMetDC and aminopropyl-
transferase domains in the same protein suggests that aminopro-
pyl group addition could be iterative and processive, elaborating
a longer polyamine chain by supplying the requisite decarboxyl-
ated AdoMet to generate multiple aminopropyl group additions
to the growing LCPA. Because of the AdoMetDC domain, the fusion
proteins would be processed into a small N-terminal chain
A.J. Michael / FEBS Letters 585 (2011) 2627–2634 2631containing the b-subunit of AdoMetDC and a large C-terminal
chain containing the rest of the protein.
Three of the fusion proteins, FraAPT1, FraAPT2 and ThaAPT4,
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i, Ascomycota, Euascomycetes (SDS)
) Fungi, Ascomycota, Hemiascomycetes (SDS)
015) Fungi, Ascomycota, Archiascomycetes
) Fungi, Ascomycota, Hemiascomycetes (SMS)
Archaeplastidia, Rhodophyta
Archaeplastidia, Rhodophyta
P_623338) Bacteria, Firmicutes
25) Archaea, Crenarchaeota
aeplastidia, Streptophyta, Eudicotyledons (TSMS)
hromalveolata, Chromista, Haptophyta
chaeplastidia, Chlorophyta, Trebouxiophyceae
6651) Archaeplastidia, Chlorophyta, Chlorophyceae
eplastidia, Chlorophyta, Prasinophyceae
368) Archaeplastidia, Chlorophyta, Prasinophyceae
alveolata, Alveolata, Dinozoa, Perkinsea
76) Chromalveolata, Chromista, Heterokonta, Oomycetes
1|31657 ) Chromalveolata, Stramenopiles, Pelagophyceae
aea, Euryarchaeota, Thermococci (AAPT)
teria, γ-Proteobacteria (SDS)
ria, Thermotogales (SDS)
 Firmicutes (SDS)
avata, Euglenozoa, Kinetoplastids (SDS)
ata, Euglenozoa, Kinetoplastids (SDS)
romalveolata, Alveolata, Apicomplexa (SDS)
alveolata, Alveolata, Dinozoa, Perkinsea
cavata, Heterolobosea SDS1
cavata, Heterolobosea SDS2
aeplastidia, Streptophyta, Eudicotyledons (SDS1)
aeplastidia, Streptophyta, Eudicotyledons (SMS)
chaeplastidia, Chlorophyta, Trebouxiophyceae
2843) Archaeplastidia, Chlorophyta, Chlorophyceae
452) Archaeplastidia, Chlorophyta, Prasinophyceae
eplastidia, Chlorophyta, Prasinophyceae
hromalveolata, Chromista, Haptophyta
24) Chromalveolata, Chromista, Heterokonta, Oomycetes
1|59112) Chromalveolata, Stramenopiles, Pelagophyceae
haea, Crenarchaeota
cteria, Thermus-Deinococcus (AAPT)
hromalveolata, Stramenopiles, Phaeophyceae
hromalveolata, Stramenopiles, Oomycetes
2896487) Chromalveolata, Stramenopiles, Oomycetes
romalveolata, Stramenopiles
hromalveolata, Stramenopiles, Oomycetes
hromalveolata Stramenopiles
2901681) Chromalveolata, Stramenopiles, Oomycetes
aminopropyltransferase sequences. The unrooted tree is shown with percentage
own in green boxes. Aminopropyltransferases in coloured type, preceeded by a red
S, spermine synthase (red type); TSMS, thermospermine synthase (orange type);
ions are presented for each diatom sequence.
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this species may not be methylated, similar to the unmethylated
LCPA of another diatom, Coscinodiscus granii [13]. It is not clear in
general how aminopropyl groups would be iteratively added to
the growing LCPA. The intermediate LCPA structures may diffuse
from the active site and subsequently bind again in a different po-
sition to allow aminopropyl group addition, or the intermediate
LCPA molecules may shift without leaving the active site. It is also
not clear whether methylation of secondary amines would be coor-
dinated with each iterative extension of the LCPA or whether
methylation occurs on the fully extended LPCA. Another enigma
is how the length of the LCPA would be determined. It is possible
that the suite of AdoMetDC-aminopropyltransferases in a given
species work in concert, extending different sections of the LCPA
depending on how much of the growing LPCA can be accommo-
dated in the active sites.
3.3. Silafﬁn modiﬁcation
The silafﬁn proteins of diatoms are important components of the
biosiliﬁcation process. Some lysine residues of silafﬁn proteins are
dimethylated and additionally, multi-aminopropyl group poly-
amines are found on other lysine residues in silafﬁns, and may be
N-dimethylated on the primary and secondary amines [2,32].
Another group of fusion proteins can be discerned in the diatom
genomes (Fig. 2A), containing spermidine synthase-like, rather than
thermospermine synthase-like aminopropyltransferase domains
(FraAPT5, FraAPT6, PhaAPT4, ThaAPT5andThaAPT6). The side group
of lysine is an aminobutyl group, and spermidine/spermine syn-
thases transfer an aminopropyl group to the primary amine of an
aminobutyl moiety. Each of these fusion proteins possesses an N-
terminal signal peptide and also a degraded, catalytically dead bac-
terial Class 1b AdoMetDC domain immediately downstream of the
spermidine synthase-like domain. These degraded AdoMetDC do-
mains lack most of the catalytic and processing residues (Fig. 2B).
The T. pseudonana protein ThaAPT6 is the simplest of these fusion
proteins possessing the signal peptide, spermidine synthase-like
domain and dead AdoMetDC domain. Metazoan spermine synthase
contains a catalytically dead bacterial Class 1bAdoMetDCdomain at
the N-terminus, which although inactive as an AdoMetDC, is never-
theless essential for activity of the aminopropyltransferase domain
due to its role in dimer formation [16,33]. Two fusion proteins, Fra-
APT5 and PhaAPT4 contain an additional N-terminal SET domain,
and FraAPT6 contains a C-terminal Tudor domain (Fig. 2A). Tudor
domains bindmethylated histones (methylated on lysine positions)
and some Tudor domains are found in lysine-speciﬁc demethylases
[34]. It is intriguing that lysine-speciﬁc histone demethylases such
as LSD1 [35] are homologous to polyamine catabolic enzyme sperm-
ine oxidase. The fusion protein ThaAPT5 contains a C-terminal ShKT
domain, although the signiﬁcance of this domain found in toxin pro-
teins is unknown. The spermidine synthase-like domains of Tha-
APT5, ThaAPT6, FraAPT5, FraAPT6 and PhaAPT4 contain several
insertions relative to normal spermidine synthases.
One role of the spermidine synthase-like/dead AdoMetDC fu-
sion proteins may be to bind silafﬁns and transfer methylated LCPA
or aminopropyl groups to speciﬁc lysine residues in the silafﬁn
proteins. The presence of a Tudor domain in FraAPT6 could facili-
tate binding of silafﬁns already possessing dimethylated lysine res-
idues. Aminopropyltransferase domains of these fusion proteins
are closely related, suggesting a unique origin for this class of dia-
tom fusion protein (Fig. 3). A number of stand-alone SET domain
proteins, containing signal peptides, are found in the diatom gen-
omes (examples from F. cylindrus are listed in Table S1). Stand-
alone SET domain proteins could feasibly dimethylate lysine resi-
dues in the silafﬁn proteins. The spermidine synthase-like domain
could transfer LCPA or aminopropyl groups to other lysine residuesin silafﬁns. Although spermidine synthase can aminopropylate
decarboxylated lysine (cadaverine) to form aminopropylcadaver-
ine, the fusion enzyme would have to also recognise and bind
the silafﬁn protein, and then transfer an aminopropyl group or
LCPA to the aminobutyl moiety of a lysine residue in the silafﬁn.
There is a precedent for such behaviour in polyamine metabolism.
Deoxyhypusine synthase binds to translation initiation factor
eIF5A and transfers an aminobutyl group from spermidine to a ly-
sine residue in eIF5A. However, deoxyhypusine synthase can also
bind putrescine instead of eIF5A, and the transfer of an aminobutyl
group from spermidine to putrescine produces sym-homospermi-
dine [36]. In a similar manner, it is possible that the diatom sper-
midine synthase-like/dead AdoMetDC fusion proteins could bind
silafﬁns. The spermidine synthase-like domains could transfer
LCPA or aminopropyl groups to silafﬁn lysine residues, and the
SET domains could N-methylate the aminopropyl units.
3.4. Precursors and co-products
Diatom LCPA may contain a putrescine moiety, which would
have to be transported into the silica deposition vesicle, but some-
times contain only aminopropyl moieties, indicating that 1,3-
diaminopropane was the initial substrate for aminopropyl group
transfer. There is no obvious biosynthetic explanation for 1,3-
diaminopropane formation in diatoms. However, spermidine oxi-
dation by a plant-like polyamine oxidase [37] could produce
aminobutyraldehyde and 1,3-diaminopropane as catabolic prod-
ucts. The Acanthamoeba culbertsoni polyamine oxidase acts on N8
-acetylspermidine to produce large quantities of 1,3-diaminopro-
pane in this organism [38] and if equivalent activity is present in
diatoms, the 1,3-diaminopropane could serve as the initial sub-
strate for the AdoMetDC/thermospermine synthase-like fusion
proteins. A co-product of aminopropyltransferases is methylthioa-
denosine (MTA), a potent inhibitor of methyltransferases and
aminopropyltransferases. The methionine salvage pathway, which
rescues/detoxiﬁes MTA, is initiated by MTA/S-adenosylhomocys-
teine nucleosidase [39]. An orthologue of MTA/S-adenosylhomo-
cysteine nucleosidase is present in each of the diatom genomes,
and unusually, there is a signal peptide present in each orthologue
(Table S1). Furthermore, the co-product of N-methyl transfer, S-
adenosylhomocysteine is also salvaged by the MTA/S-adenosylme-
thionine homocysteine pathway. Salvage of methionine in LCPA
biosynthesis is likely to be critically important because a single
LCPA with 20 methylated aminopropyl units would produce 20
molecules of MTA, 20 of S-adenosylhomocysteine and consume
40 of S-adenosylmethionine.
4. Conclusions
Each of the two classes of polyamine biosynthetic gene fusions
found in diatoms has evolved from a single distinct progenitor
fusion gene of bacterial origin. It is likely that the fusion genes
were present in diatoms before the evolution of biosiliﬁcation in
these organisms, and that new domains, including the N-methyl-
transferase domains were recruited to the fusions as the biosiliﬁca-
tion process evolved. There are no orthologues of these fusion
proteins in other Stramenopiles including Oomycetes, which are
known to have acquired bacterial genes by horizontal gene fusion
and which have a large complement of fusion proteins [40]. A
concommitant recruitment of methionine salvage enzymes to
LCPA production prevented methylthioadenosine/S-adenosylho-
mocysteine accumulation to toxic levels and avoided massive
depletion of S-adenosylmethionine in the cells. It is possible that
similar but independently acquired fusion genes exist in other
organisms that use LCPA for biosiliﬁcation, such as glass sponges
[41].
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